The current investigation presents the corrosion activity of Elaeoselinum thapsioides (BEET) butanolic extract in 1 M HCl as a novel green source of corrosion inhibitor, and it's synergetic effect with another butanolic extract of Reutera lutea (BERL), whose belongs to the Apiaceae family. Weight loss measurements, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) measurements have been done to study the inhibition efficiency. The obtained results showed that the inhibition efficiency of BEET alone increase with concentration and reached a value of 82% at 900 ppm. However, the maximum protection efficiency was more than 92% with the combination of BEET and BERL inhibitors. The rise of temperature caused a significantly decreased of inhibition efficiency. The potentiodynamic polarization results revealed that the extract functions as mixed-type inhibitor with predominance at anodic domain, and the adsorption process of the extract follows Langmuir isotherm. In addition, EIS shows that increasing the concentration of the inhibitor leads to an increase of the charge transfer resistance and reducing the double layer capacitance. The synergistic factor (S) was used to investigate the synergistic behavior of the selected inhibitors.
Introduction
Metals and alloys are extensively utilized in various applications in industries field due to their admirable physical properties and affordability in the economy [1] . However, the exposition to aggressive environments during long-term service, these materials tend to lose their corrosion resistance ability, which leads to the deterioration of their surfaces and affecting their durability causing serious economic losses and pollution of the environment [2, 3] . In order to mitigation corrosion problems, several methods were adopted such as coating, anodic protection and the use of inhibitors [4] . Up to now, the employment of inhibitors has still the most popular topic of research in the field of corrosion, in view of their ease of application and their high effectiveness [5] [6] [7] . Different kind of inhibitors have been used over the years such as inorganic and organic compounds, but due to their toxicity and restrictive environmental regulations, the development of environmentally corrosion inhibitors has become highly recommended [8] [9] [10] . Recently, plant extracts have gained attention as environmentally friendly corrosion inhibitors, due to their ready availability, renewable, non-toxic, and inexpensive [11] [12] [13] [14] . These extracts are a mixture of various phytochemical constituents (alkaloids, flavonoid, terpenoids, steroids, and amino acids, ….), contains several heteroatoms such as nitrogen, oxygen, sulfur, and aromatic rings and/or functional groups, which they can be adsorbed on metal surface through coordinate covalent bond or electrostatic interaction [15, 16] . Various studies has been reported recently regarding the inhibition efficiency of different plants extract against steel corrosion: Holoptelea integrifolia leaves [9] , lychee fruit [17] , Curcuma longa extract [18] , Aloe Vera leaf [19] , Thymus Vulgaris [20] , Egyptian licorice [21] , Coreopsis tinctoria [22] . Among plant materials tested in our laboratory are: Bupleurum lancifolium (Apiaceae) [23] , Saccocalyx satureioides [24] , Thapsia villosa [25] , Echium italicum L [8] , Reutera lutea (Desf.) Maire (Apiaceae) [26] . The aim of the this paper is a continuation of our previous works and tested the inhibition efficiency of butanolic extract of Elaeoselinum thapsioides "BEET" as a novel green corrosion inhibitor and it's synergistic effect with butanolic extract of Reutera lutea (Desf.) Maire (Apiaceae) "BERL" whose already tested in our previous work [26] ) on the corrosion of carbon steel in HCl solution for A283 carbon steel in 1 M HCl solution, using weight loss and electrochemical measurements.
Experimental

Materials and Sample Preparation
Experiments were performed on ASTM A283 Grade-C carbon steel (CS) specimens taken from the storage tanks of Algeria for petroleum refining, with compositions: C 0.23%, Mn 0.85%, P 0.024%, S 0.030%, Si 0.4% and Fe balance. The dimensions of the specimen are 1 cm × 1 cm × 1 cm (for weight loss measurement) and coupons with a contact area of 1 cm 2 (for electrochemical measurements). Prior to use, the specimens were pre-treated by grinding with different grades of emery papers from 320 up to 2000, degreased with acetone and rinsed in distilled water prior to every experiment. Solution of 1 M HCl was used as corrosive medium, which prepared by dilution of analytical reagent-grade (AR) 37% (Merck) with distilled water. Green inhibitor extracts were obtained from Air-dried and powdered aerial parts of Elaeoselinum thapsioides were macerated in methyl alcohol (70%) at room temperature. The residue was filtered, concentrated, then successively extracted with n-butanol [27] [28] [29] . The solvents were removed to afford n-butanol extracts "BEET". The concentration range of the BEET employed varied from 100 to 900 mg L −1 , and for the synergistic study we chose only the optimum concentrations for each extract 800 mg L −1 for BEET, 700 and 800 mg L −1 for BERL extract.
Weight Loss Measurement
Weight loss experiments were realized in a glass cell containing 100 ml of the corrosive solution with and without different concentrations (100-900 mg L −1 ) of BEET during 7 h at different temperature of 293-323 K maintained in a thermostated water bath. Hence, the gravimetric results expressed in (mg cm −2 h −1 ) were given by weighting the cleaned and dried steel specimens before and after a specified immersion time in the test solution. According to ASTM G 31-72 [30] , the volume of the test solution was kept at around 20 mL per cm 2 surface area of single panel used. The temperatures of the experiments were kept up by keeping the beakers in a watercirculated thermostat. After indicated time, the steel specimens were taken out from the corrosive solution, rinsed with acetone, dried, and weighted. The experiments were performed in triplicate in order to get good reproducibility, and the average values was used to process the data.
The corrosion rate (C R ), the inhibition efficiency IE w (%) and the surface coverage (θ) were determined by using the following equations [31] :
where, W is the average weight of specimens (g) before and after immersion, respectively, A is the surface area of CS pieces (cm 2 ) and t is the exposure time (h).C 0 R and C R are the corrosion rate values in the absence and presence of inhibitor, respectively.
Electrochemical Measurements
All electrochemical tests (open circuit potential, potentiodynamic polarization and electrochemical impedance spectroscopy EIS) were performed using Voltalab-PGZ 301 potentiostat supported by Volta-master software. Three-electrode electrochemical glass-cell system (potent: a saturated calomel electrode as reference electrode, a platinum rode as counter electrode and A283 CS as working electrode. Before each experiment, the working electrode was immersed in the test solution for 30 min to maintain the steady state corrosion potential (E corr ).
The Potentiodynamic polarization study of A283 CS in the absence and in the presence of the studied inhibitor "BEET" conducted in the range of − 250 to + 250 mV, related to OCP potential at a sweep rate of 1 mV s −1 . The inhibition efficiency
(IE p %) values were derived from corrosion current density (i corr ) using the following equation [32] :
where i corr and i ′ corr represent corrosion current density values in absence and presence of inhibitor, respectively.
Electrochemical impedance spectroscopy (EIS) tests were acquired with a signal amplitude perturbation of 10 mV in the frequency range of 100 kHz to10 mHz. Simulation of EIS data and fitting curves were carried out using EC-Lab software. Inhibition efficiency ( IE R % ) was calculated using following formula [26, 33] :
where R p and R ′ p are polarizations resistance in the absence and presence of the inhibitor, respectively.
Results
Weight Loss Measurements
Effect of BEET Concentration and Temperature
Weight loss experiments were performed on A283 CS in the temperature range of 293-323 K in 1 M HCl for BEET for 7 h of immersion. Variation in C R and inhibition efficiency with the change in temperature and concentration of BEET are depicted in Table 1 , and their graphical representations are shown in Fig. 1 . Careful examination of the results (via Table 1 ) showed that the corrosion rate C R decreases significantly, while the inhibition efficiency increases with the increase of BEET concentrations. At 900 mg L −1 , BEET reached a maximum value (81%) at 283 K, which suggests that the number of adsorbed inhibitor molecule increase and cover the active sites of CS surface [34, 35] .
In order to know more about the change may occur on the metal surface such as rapid etching, desorption of inhibitor molecule, the temperature effect was performed [36] . From Fig. 1 , it can be seen that the rate of corrosion increase and IE w of the studied inhibitor slightly decreased with rising solution temperatures, from 293 to 323 K, which can be explained by the increasing of desorption of inhibitor molecules from the metal surface or decreased adsorption process, suggesting physical adsorption [37, 38] . 
Adsorption Isotherm
In order to understand the mechanism of corrosion inhibitor and the type of interaction between BEET extract and A283 CS surface, various adsorption isotherms such as (Langmuir, Temkin, Freundlich,…) were employed to fit the experimental results. In our present study, the Langmuir adsorption isotherm, Eq. (6) [31] , was found to be the most suitable mode to fit experimental data. At all temperatures, the values of regression coefficients (R 2 ) were almost close to unity (via Table 2 ), which confirm that the adsorption of BEET on the CS surface obeys Langmuir isotherm model. where C is the inhibitor concentration, θ is the surface coverage for different concentrations of inhibitor in 1 M HCl and has been calculated from the weight loss measurement (eq. 3) and K ads is the adsorption equilibrium constant. Figure 2 showed the plots of C/θ versus C for BEET at 293-323 K. The values of K ads were calculated from the intercept of straight lines and listed in Table 2 . The
decreasing in K ads values with increasing temperature may be attributed to the desorption of BEET molecules from CS surface [26] .
Electrochemical Measurements
Open circuit Potential
The variation of the potential at open circuit (E ocp ) for CS in 1.0 M HCl solution with and without BEET at 298 K is shown in Fig. 3 . Apparently, E ocp moves to more positive value with time and gradually remains constant after about 1000 s, which revealed that after 30 min immersion time steady state has been established and surface oxide has been completely removed. With the addition of BEET, the OCP shifted to a noble direction indicating that BEET controls mainly anodic metal dissolution reaction.
Potentiodynamic Polarization Measurement
The potentiodynamic polarization curves of A283 CS electrode in 1 M HCl solution without and with different concentration of BEET are shown in Fig. 4 , and the corresponding electrochemical parameters are listed in Table 3 . It was observed from this figure that both the cathodic reaction and the anodic reaction were inhibited, and in the presence of BEET, the corrosion potentials shifted to the positive direction compared to the uninhibited sample, indicating that the inhibitor reduce both dissolution of metal and hydrogen evolution reactions. In the other hand, it could be seen that the value of βc for different concentrations of BEET were almost equal, which may be attributed that the hydrogen evolution-controlled and the mechanism of proton discharge reaction did not change by addition of BEET to 1.0 M HCl solution [39] . However, the values of β a change markedly in the presence of inhibitor and the maximum shift in E corr value compared to the blank solution was 60 mV, this indicates that our inhibitor act as a mixed-type inhibitor with prevailing effect of anodic reaction, which suggests that BEET adsorb on anodic sites, and filling gaps and so promoting the formation of an adherent protective layer [40, 41] . From the Table 3 it is noted that addition of 900 ppm of BEET the current density (i corr ) decreased up to a maximum value of 0.3493 mA/cm 2 which corresponds to the maximal effectiveness of the inhibitor (81.74%). 
EIS Measurement
The inhibiting performance with and without BEET are also studied by electrochemical impedance method at 293 K for various concentrations in 1 M HCl for CS. Nyquist curves are presented in Fig. 5a , and their related parameters are mentioned in Table 4 . As showed in Nyquist plots, the impedance spectra appeared as a single capacitive loop at higher frequency range and its diameter increases with the increase in concentration, suggesting that the corrosion process is controlled by the charge transfer process and the adsorption of BEET on the steel surface formed a strength inhibitive film [31, 42] . These loops are not perfect semicircles which may be attributed to the inhomogeneity and the roughness of the CS surface [43] . The Bode plots refer to the existence of an equivalent circuit containing a single constant phase element in the interface of steel/acid. In addition, at low frequencies in Bode plot the increase of absolute impedance confirms the higher protection with the increasing of inhibitor concentration, which is attributed to the adsorption of BEET compound on the surface of CS [44] . In the presentation of Bode, the angle of phase (Fig. 5c ) increases with the decrease in the concentration of BEET, this increase is due to the formation of a protective film on the CS surface. While the increase of the module |Z| (Fig. 5b) indicates the good performance of the inhibitor with a constant time period for different concentrations of BEET [45] . The equivalent circuit showed in Fig. 6 fit the impedance data, and the representative example of using the equivalent circuit to fit the experimental data for CS in 1.0 M HCl with and without the presence of BEET is shown in Fig. 7 . The equivalent circuit consist of a solution resistance (R s ), constant phase (CPE), and polarization resistance (R p ), which including charge transfer resistance (R ct ), diffuse layer resistance (R d ), the accumulated species at the metal/solution interface (R a ) and the resistance of inhibitor film at the steel surface (R f ) (R p = R ct + R d + R a + R f ) [46, 47] . The constant phase element (CPE), is replaced by the capacitance of a pure electrochemical double layer and is given by the relation below: Fig. 6 The electrochemical equivalent circuit used to fit the impedance spectra Fig. 7 The representative figure of using the equivalent circuit to fit the experimental data of EIS for CS in the absence of BEET (a) and in the presence of BEET (b) where:
) is the magnitude of the CPE; j is the imaginary number ( j 2 = −1 ); ω is the angular frequency; α is the deviation parameter (− 1 ≤ α ≥ 1) which characterizes the properties of CPE [45] . As could be seen from Table 4 , the R p values increase significantly while Q values decrease with the increase in the concentration of BEET, this can be due to the blocking of the active sites by the film formed by the inhibitor at the surface of the steel. The maximum inhibition efficiency (82%) was obtained for a concentration of 900 mg L −1 at 293 K. The results obtained by electrochemical polarization, electrochemical impedance spectroscopy (EIS) and weight loss measurements are in good agreement.
The Proposed Mechanism of Action
The Elaeoselinum thapsioides (BEET) extract used in this study as inhibitor of corrosion consists of mixture of chemical compounds, which contained heteroatoms such as: oxygen, sulfur, nitrogen atoms, and multiple bonds, which encounter the general characteristics of typical corrosion inhibitors. One and/or more of the following ways can explain corrosion inhibition of carbon steel in 1 M HCl solution based on the adsorption of various chemical constituents present in BEET extract:
1. In hydrochloric acid solution the BEET extract compounds can be protonated easily, leading to positively charged inhibitor species. The charge of the CS surface can be determined by the value of E corr − E q=0 [24] . From the literature, the potential of zero charge of iron is Eq = − 530 mV/ECS in HCl [48] and in our study, the maximum value of Ecorr is − 501 mV/ECS.
The value of E corr − E q=0 is 29 mV/ECS, allows us to conclude that the surface of CS is positively charged [24] . Thus, the anions Cl-are the first adsorbed at the metallic surface having many negative charges, the adsorption of inhibiting molecules (positively charged) are induced by electrostatic attraction between negative charges on the surface and the positive charges of BEET extract.
2. The BEET extract can be adsorbed on the CS through the interaction of lone pair of heteroatoms as well as π electron with the vacant d orbital of CS, which created of a protective layer on the metal surface, which protects the metal from the corrosion.
Optimization of a Mixture of BEET and BERL Concentration
This part is devoted to the development of a corrosion inhibiting formulation used to further improve the inhibitory efficiency of the steel in acid medium. It consists of the use of a mixture of the butanolic extract obtained from both plants Elaeoselinum thapsioides and Reutera lutea. After optimizing, the concentration of BEET and the butanolic extract of the plant Reutera lutea (BERL) [26] . The combinations were made according to values close to the corrosion density and the polarization resistance of each extract (Table 5) .
We opted for a concentration of 900 mg L −1 for BEET and two concentrations for BERL "700 and 800 mg L −1" with the same volume for each extract (V÷V), in order to obtain a mixture that could provide a best protection against the corrosion of the steel. At the end of this part, the synergistic effect was discussed.
Potentiodynamic Polarization Curves With and Without Mixed of BEET and BERL
The electrochemical parameters presented in Table 6 are obtained from the polarization curves (via Fig. 8 ) for the various formulations tested. The polarization curves for different mixtures of BEET and BERL showed a decrease in the densities of the corrosion current. The value of i corr in the presence of 900 mg L −1 of BEET + 700 mg L −1 of BERL is of the order of 0.1756 mA cm −2 , giving inhibition efficiency 91%, while in the presence of 900 mg L −1 of BEET + 800 mg L −1 of BERL is of the order of 0.1438 mA cm −2 , which gives an efficiency of the order of 92.5%. For the optimized concentrations, the mixture containing the concentration of 900 mg L −1 + 800 mg L −1 of BEET and BERL, respectively, gives the best protection. 
EIS Measurements With and Without the Mixture of BEET and BERL
The kinetic parameters of the electrochemical impedance curves were obtained in the absence and in the presence of the different tested mixtures are presented in Table 7 . The electrochemical impedance curves are presented in Fig. 9 . Impedance diagrams (via Fig. 9 ) consist of a single capacitive loop regardless of the tested formulation. They also showed similar behavior for the both tested mixtures. The value of the charge transfer resistance was significantly higher in the presence of the different employed mixtures compared to the values obtained in the presence of each inhibitor tested separately (Table 5) . A higher increase in the charge transfer resistance was observed for the concentration of 900 mg L −1 of BEET and 800 mg L −1 of BERL, which gives an inhibition efficiency of 90.38%.
Synergistic Inhibition Effect of the Optimized Mixture
To investigate the synergistic effect between BEET and BERL extracts, the synergistic factor (S) was calculated using the equation suggested by Aramaki and Hackerman [49] [50] [51] :
where IE (1+2) = (IE 1 + IE 2 ) − (IE 1 × IE 2 ), and IE 1 , IE 2 and IE 1/2 , are the calculated protection efficiencies for the inhibitors BEET, BERL and BEET/BERL, respectively.
The obtained values of S (Table 8) were less than 1 indicating that the synergistic behavior of the selected inhibitor was competitive between BEET and BERL (the two extracts are adsorbed on different sites on the surface of the steel). 
Conclusion
On the basis of the obtained results, the following conclusions have been drawn:
• The inhibition efficiency increase with increasing the BEET concentration, and the maximum inhibition efficiency reached 81.74% at 900 mg L −1 , obeys Langmuir adsorption isotherm and occurred via physiosorption mechamism.
• BEET was found to be a mixed-type inhibitor and the EIS results suggest that a protective film was formed on the CS surface.
• The corrosion inhibition efficiency obtained by mixing BEET and BERL were found to be higher than those obtained in the presence of the extracts alone.
• The results of the synergistic effect (S < 1), can be explained by a competitive adsorption mechanism between both extracts 
